The impacts associated with streamside clear-cut logging (e.g., increased temperatures and sedimentation, loss of habitat complexity) are potentially stressful to stream-dwelling fish. We examined stream habitat and rainbow trout physiological stress responses to clear-cut logging in north-central British Columbia using 15 streams divided into three categories: old growth (reference), recently logged (clear-cut to both banks 1-9 years prior to the study), and second growth (clear-cut 25-28 years prior to the study). We used plasma cortisol and chloride concentrations as indicators of acute stress, and interrenal nuclear diameters, impairment of the plasma cortisol response, and trout condition and length-at-age estimates as indicators of chronic stress. No statistically significant acute or chronic stress responses to streamside logging were found, despite increases in summertime stream temperatures (daily maxima and diurnal fluctuations) and a reduction in the average overall availability of pool habitat. Our observed stress responses were approximately an order of magnitude lower than what has previously been reported in the literature for a variety of different stressors, and trout interrenal nuclear diameters responses to the onset of winter were approximately five times greater than those to logging. The overall consistency of our results suggests that the impacts of streamside clear-cut logging are not acutely or chronically stressful to rainbow trout in our study area.
Introduction
Streamside timber harvesting has been shown to have a variety of potentially complex spatial and temporal impacts on the physical and biological components of small stream ecosystems (Hicks et al. 1991) , with the most severe negative impacts to stream habitat and fish populations expected when riparian reserve buffer strips are absent and when instream work (e.g., falling and yarding, stream crossing, removal of large organic debris (LOD)) is conducted (Slaney et al. 1977a; Hicks et al. 1991) . These impacts may place additional physiological costs onto, and consequently be stressful to, resident stream-dwelling fish, as they attempt to acclimate to any habitat alterations. Stress can be defined as the suite of physiological responses that occur when organisms attempt to adjust to environmental alterations by maintaining or reestablishing homeostasis, and it is often used as an indicator of overall health (Wedemeyer et al. 1984) . For example, short-term negative effects associated with streamside logging include increases in stream temperature and in temperature fluctuations, as well as concomitant reductions in dissolved oxygen concentrations (Brownlee et al. 1988; Hicks et al. 1991) , and these have been shown to be stressful to fish (Mazeaud et al. 1977; Strange et al. 1977 ; Thomas et al. 1986 ). Furthermore, logging practices that do not retain riparian buffer strips and that involve in-stream work have been shown to lead to increases in sediment delivery to streams (Slaney et al. 1977a; Hicks et al. 1991) , and high levels of suspended sediment have also been reported as being stressful to fish (Redding and Schreck 1987) . In comparison with these short-term impacts, long-term negative effects associated with streamside logging include the loss of future LOD recruitment and a concomitant reduction in streambank stability and habitat complexity, once existing LOD degrades and loses functionality (Hicks et al. 1991) . Although a regeneration of streamside deciduous vegetation can mitigate long-term elevations in stream temperature (Gregory et al. 1987) , reductions in habitat complexity could decrease the amount of cover available to stream-dwelling fish (Fausch and Northcote 1992) and could consequently be stressful to fish (Pickering et al. 1987) . Therefore, the presence and severity of any logging-related impacts may be detectable by examining the stress responses of fish, an approach that, to our knowledge, has not previously been attempted in the scientific literature.
Stress responses are generally grouped into acute and chronic categories (Donaldson et al. 1984) , with acute stress (e.g., as a result of handling and confinement, or episodic increases in stream temperature or in levels of suspended sediment) being typically short term and usually resulting in a return of the organism to a "normal" physiological state. By contrast, chronic stress (e.g., as a result of long-term exposure to a chemical pollutant or to a lack of overhead cover) is typically ongoing and usually does not allow the organism to return to a "normal" physiological state. Three levels of stress responses have also been identified that affect succeedingly higher levels of biological organization: a primary response involving the production of hormones (e.g., cortisol), a secondary response involving blood and tissue alterations as a reaction to the production of hormones (e.g., a reduction in the number of white blood cells and an increase in blood glucose and lactate concentrations), and a tertiary response involving individuals and populations and which may ultimately lead to a general decline in population numbers (e.g., as a result of decreased immune function and disease resistance, reduced feeding or food conversion efficiency, and reduced fecundity through reduced growth; Mazeaud et al. 1977; Wedemeyer et al. 1984; Gregory and Wood 1999) .
We examined stream habitat and rainbow trout (Oncorhynchus mykiss) physiological stress responses to streamside clear-cut logging in north-central British Columbia, and chose the following acute and chronic stress indicators (encompassing all three stress response levels) to assess the direct effects of streamside logging on trout health: plasma cortisol and chloride concentrations, interrenal nuclear diameters (IRND), and trout condition indices and length-at-age estimates. Cortisol, a hormone linked to the mobilization of energy reserves, has been shown to increase rapidly (e.g., 3-30 min) in the presence of a variety of different stressors, and is commonly used as an indicator of acute stress in fish (Donaldson et al. 1984) . Similarly, plasma chloride concentrations (another hematological indicator of acute stress) have been shown to decrease in stressed freshwater fish as a result of water uptake and a consequent dilution of the blood and its ions (Wedemeyer et al. 1984) . Interrenal cells, on the other hand, are specialized cells located in the anterior kidney of fish and are involved in the production of the hormone cortisol. The presence of a chronic stressor results in a demand for increased cortisol production, and a concomitant enlargement of these cells and their nuclei, and increases in IRND have been shown to be sensitive histological indicators of chronic stress in fish (Brown et al. 1984; Donaldson et al. 1984 ). An increase in plasma cortisol concentration is an example of a primary stress response, whereas changes in plasma chloride concentrations and in IRND are examples of secondary stress responses. Furthermore, whereas plasma cortisol concentrations are typically used as acute stress indicators, their lack of response to a known acute stressor (termed an "impaired response") can also be used to assess whether a fish is chronically stressed (Hontela et al. 1992) . For example, a chronically stressed fish that is unable to further raise its plasma cortisol levels when subjected to an additional acute stressor (such as handling) exhibits an impaired stress response. Lastly, we used the condition index of fish (the ratio of mass/length 3 ; Cone 1989) and length-at-age estimates as chronic stress indicators (and as examples of tertiary responses) because of the potential for stress to alter feeding patterns, increase metabolic rates, and decrease growth (Wedemeyer et al. 1984; Barton and Schreck 1987) .
Because alterations to a stream's physical environment resulting from streamside clear-cut logging practices are potentially stressful to stream-dwelling fish, we make the following predictions: (i) In the short term (<9 years after timber harvesting), the number and volume of pools will not be affected by streamside logging, but stream temperatures and rainbow trout densities and biomass will increase relative to streams with forested riparian zones (throughout this paper we use the terms "streamside" and "riparian" interchangeably, and we define them as a zone immediately adjacent to, and extending 30 m perpendicular from, each stream bank; British Columbia Ministry of Forests and British Columbia Ministry of Environment 1995). By contrast, in the long term (>25 years after logging), stream temperature increases will be mitigated, and the number and volume of pools, as well as trout densities and biomass, will decrease relative to streams with forested riparian zones. (ii) In response to logging-related habitat changes, rainbow trout from streams with logged riparian zones (whether short or long term) will show elevated plasma cortisol and decreased plasma chloride concentrations (acute stress responses), as well as increased IRNDs, impairment of their cortisol stress response systems, and decreased condition and length at a given age (chronic stress responses), relative to trout from streams with forested riparian zones. (iii) Lastly, we test the validity of using IRND as an indicator of chronic environmental stress by examining the interrenal response of rainbow trout to the onset of winter conditions, a known stressor. For example, the physiological adjustments that accompany the onset of winter in temperate regions have been reported to be stressful to stream-dwelling fish as they acclimate to rapidly changing environmental conditions (Cunjak 1988) , and we therefore predict that trout will show enlarged IRNDs in early winter relative to measurements made in late summer and early fall.
Materials and methods

Study site description
A comparative survey comprising 15 streams located within the Sub-boreal Spruce bio-geoclimatic zone in the interior plateau region of British Columbia ( Fig. 1; Farley 1979 ) was used to test our primary hypotheses. This region has a topography that is largely dominated by moderate hillside gradients and by a climate that is generally classified as continental, with an average annual precipitation of approximately 50-100 cm falling primarily as snow between November and March, and rain between April and October (Slaney et al. 1977a; Macdonald et al. 1992 ). The region is dominated by glaciolacustrine and sandy glaciofluvial soils, and the highest stream discharges occur in spring as a result of snowmelt, and the lowest discharges typically occur during winter and during the month of August (which is also typically the hottest month of the year; Brownlee et al. 1988) .
The 15 streams were chosen based on similarities in their physical characteristics and on the presence of stream-dwelling rainbow trout. For example, all streams were relatively small (bank-full widths between 2 and 5 m) and low gradient (2%-5%), with moderately incised hillsides (2%-64%) and elevations ranging from approximately 750 to 1150 m (Table 1). The 15 streams were dispersed among five main watersheds throughout north-central British Columbia, all of which form part of the Fraser River and Peace River drainages. Drainage areas for the study streams ranged from 128 to 1790 ha (Table 1) . To examine whether stream habitat and trout density, biomass, and stress responses were associated with any temporal effects of streamside logging, the 15 streams were divided into three logging categories: "old growth", "recently logged", and "second growth". Old-growth streams (n = 6) served as reference sites to assess responses in systems not affected by clear-cut logging. Recently logged streams (n = 5) were clear-cut to both stream banks 1-9 years prior to our study, whereas second-growth streams (n = 4) were clear-cut to both stream banks 25-28 years prior to our study (Table 1) .
Logging practices around the treatment streams involved the construction of a main haul road, followed by clearcutting and the extraction of trees using tractor and rubber-tire skidders along skid trails to landings situated near the main road (Slaney et al. 1977a ). The principal tree species that were harvested comprised pine (Pinus spp.), spruce (Picea spp.), and fir (Abies spp.). Logging was carried out during summer and winter months and was halted during the spring and autumn seasons because of heavy rains leading to poor road conditions (Slaney et al. 1977a) . Cutblock sizes ranged from 41 to 1790 ha, representing between 13% and 94% of their respective drainage areas (Table 1) . Standard, operational clear-cutting practices that were current at the time of logging were used, so that riparian buffer strips were not retained, and in-stream falling and skidding of trees, the deliberate removal of LOD, stream crossings, and in-stream work with machines were common occurrences (Slaney et al. 1977a 
Stream physical characteristics and pool habitat variables
All field work for the comparative survey was conducted during late summer and early autumn 1996 (for simplicity, this period is collectively referred to as "summer"). Stream study section lengths ranged from approximately 70 to 600 m, and were determined by cutblock boundaries or by the distance covered when the required number of fish for the assessment of stress responses was obtained. The following stream physical characteristics were measured according to the methods outlined in Ralph (1990) and the British Columbia Ministry of Forests (1996) : canopy cover, stream and hillside gradients, bank-full width and height, aspect, discharge, and the b-axis of the largest particle moved by flowing water (termed "D") found within the study section thalwegs (Table 1). D was used as a surrogate for stream power, which is a measure of a stream's ability to transport material. Five measurements of D and bank-full width and height, and three measurements of canopy cover and stream and hillside gradients, were taken at equidistant locations along the study sections and averaged. Aspect and discharge were measured at a single point along each study section on the day sampling took place. At the time of sampling, a temperature logger (range -5 to 35°C, resolution 0.2°C) was also installed in each stream to record hourly stream temperatures, but because of the timing of our field work, we lack temperature records for the entire summer with which to make comparisons among our logging categories. However, the temperature loggers were left in the streams until November 1997, and we therefore used data covering the period from 1 June to 30 September 1997 (which encompasses the warmest period of the year as well as the months during which our sampling took place in 1996) and assumed that these temperature patterns were representative of those occurring during the summer of 1996. Temperature data from streams Airport and Saw were not available because of equipment failures. The daily maximum temperature and daily temperature fluctuation (defined as the daily maximum -daily minimum) were calculated for each stream and for each day, and averaged within each category over the aforementioned period.
The number and dimensions of pools were measured in each of the 15 streams to examine the impacts of streamside logging practices on this habitat feature, which has the advantage of being biologically important to trout (as areas for feeding, rearing, and refuge) and can be measured independently of stage (Bowlby and Roff 1986; Lisle 1987) . All streams had predominantly pool-riffle channel morphologies, and pools were distinguished from riffles as areas of slower velocity with relatively deeper depths and with substrates often-times composed of finer materials (Ralph 1990 ). The number of pools within each study reach were counted and standardized by dividing by the total area of the study section (bank-full width × length sampled × 100). Within each study section, 10 pools were systematically chosen (2 pools at each of the sites where bank-full width was measured), and the residual pool volumes were measured following the methods outlined in Lisle (1987) and averaged. Lastly, for each stream we standardized the total available pool habitat within the study reaches by multiplying the number of pools by the average pool volume, and dividing this estimate by the total area of the study section.
Rainbow trout density and standing crop biomass
Rainbow trout were collected from each stream using a backpack electroshocker (with voltage settings ranging from 400 to 500 V and a frequency of 50-60 Hz) and a singlepass removal method. Because our sampling protocol was constrained by the requirements of the stress work described below and which required that half of the captured fish be sacrificed within 1 min of capture, we were unable to employ a more rigorous method to assess fish densities and biomass (such as multiple-pass removal; Fausch and Northcote 1992). Stream-specific trout density and standing crop biomass estimates were standardized by dividing each estimate by the total available pool habitat (defined previously) within the stream study reaches. We justify using the total available pool habitat (rather than the area of stream sampled) to standardize our density and biomass estimates, because pools provide energetically favorable areas for trout feeding and rearing (Bowlby and Roff 1986) , and they have been shown to be the preferred stream habitat for rainbow trout when other salmonid species are rare or absent (Muhlfeld et al. 2001) . Furthermore, because seasonal changes in microhabitat selection have been observed in rainbow trout, pool habitat may limit overwinter abundance and survival in stream salmonids (Cunjak 1996; Solazzi et al. 2000) . Our standardization therefore provides an estimate of trout density and standing crop biomass as a function of preferred or critical habitat availability and not total available area.
Rainbow trout physiological stress responses
Rainbow trout collected from each stream were separated into two groups of approximately equal numbers. The first group (termed "sacrificed immediately") was sacrificed within 1 min of capture to prevent an endocrine response caused by electroshocking (Sumpter et al. 1986 ). The second group (termed "handled") was kept confined in a bucket for 40 min and subjected to additional handling and confinement stress, and this time period was judged to be sufficient for the elicitation of an acute cortisol stress response resulting from these three stressors (electroshocking, handling, and confinement; Strange and Schreck 1978; Woodward and Strange 1987) . The first group (sacrificed immediately) was used to determine if any habitat alterations resulting from streamside logging were acutely stressful to trout, whereas the second group (handled) was used to determine if the trout cortisol response system was impaired (chronic response). Trout were measured (fork length) and weighed prior to being sacrificed, and otoliths were used to classify fish into age classes for the length-at-age comparisons following the methods of Chilton and Beamish (1982) . Fish were killed by a blow to the head, followed by a severing of the caudal peduncle. Blood from each fish was collected using heparinized capillary tubes, separated into its constituent components using a portable centrifuge, frozen on dry ice, and later transferred to a freezer and kept at -20°C. Fish kidneys were preserved in the field in Bouin's fixative for later analyses of IRND.
In the laboratory, plasma cortisol concentrations were measured using cortisol radioimmunoassay kits (Incstar Corp., Stillwater, Minnesota), and plasma chloride concentrations were determined amperometrically using a digital chloridometer (Haake Buchler Instruments, Inc., Saddlebrook, New Jersey). A maximum of four plasma replicates per fish were obtained for the hematological determinations, although in some cases the amount of blood collected from the smaller fish resulted in only a single sample being available for each test.
Histological preparations to examine interrenal nuclei were conducted following the methods outlined in Brown et al. (1984) and are summarized below: after removal, trout head kidneys were washed in ethanol, acetone, and xylene before being embedded in paraffin for sectioning. Sections were cut at 7-µm intervals and mounted on microscope slides after staining with Harris' hematoxylin and eosin. A minimum of four slides were prepared for each fish to ensure that a sufficient number of interrenal cells would be available. A mean IRND value for each fish was obtained by averaging 30 round nuclear diameters measured using video microscopy (Zeiss light microscope and a Cohu solid state video camera) and a computer program for measurements in micrometres (Bioscan Optimas, version 3.14, Edmonds, Washington). To reduce possible biases in measurements, microscope slides were coded to obscure the identities of fish and their streams, and all diameters were measured by the same operator.
Lastly, we examined trout IRND responses to the onset of winter conditions using the same sampling protocols for fish capture and histological preparations described previously for the comparative survey. In early December 1996 ("winter"), 19 trout were captured from stream Leo1 (old growth) and 12 trout from stream T2 (recently logged) in reaches upstream of, and adjacent to, the study sections sampled during the summer. Stream temperature at the time of sampling was also recorded.
Data analysis
To ensure that any differences in trout stress levels among our three logging categories could be attributed to the logging treatments and not to natural variation in underlying stream physical characteristics, we used discriminant analysis based on drainage area, stream and hillside gradients, bankfull width and height, and D to determine if any differences existed in these characteristics among our categories.
For all analyses involving analysis of variance (ANOVA), stream averages were calculated for each response variable, and streams were considered to be the sampling units to minimize pseudoreplication (Hurlbert 1984) . Normal probability plots were examined to ensure that all variables met the assumptions of normality, and the pool habitat, trout density and biomass, and hematological (plasma cortisol and chloride concentration) response variables all required log 10 transformations to ensure variance homogeneity. However, because the overall conclusions remained unchanged whether or not log 10 -transformed variables were used, for clarity all figures involving these variables were constructed using the original, untransformed data. For the hematological response variables, trout blood samples from streams Airport, SK7, and T2 were accidentally thawed and had to be discarded. Therefore, data from only 12 streams (5 old growth, 3 recently logged, and 4 second growth) were used in the analyses involving cortisol and chloride stress responses. Data from all 15 streams were used in the analyses involving IRND, trout condition, and length-at-age comparisons for the age-1 class, whereas data from 13 streams (5 old growth, 5 recently logged, and 3 second growth) were used for the age-2 class comparisons. Our age-class analyses were restricted to these two age classes, because they were the only ones from which we collected sufficient numbers of fish within each logging category. Lastly, stream physical characteristics and trout density, biomass, and physiological stress response averages for each stream are included in the Appendix (Tables A1 and A2) .
One-way ANOVA with unequal cell sizes followed by Tukey a posteriori tests for effects were used to assess if differences in canopy cover, pool habitat, and trout density and biomass were evident among the three logging categories. We determined whether trout length was correlated with the hematological and IRND stress response variables using linear regression analysis. Two-way ANOVA with unequal cell sizes was used to simultaneously test for differences in trout plasma cortisol concentrations among the three logging categories (using only trout that were sacrificed immediately to assess whether streamside harvesting was acutely stressful to fish), and within each logging category (between trout that were sacrificed immediately and those that were handled to assess impairment of the cortisol response system). Because responses in plasma chloride concentrations and interrenal nuclei occur on the order of hours and days, respectively (Woodward and Strange 1987; Donaldson et al. 1984) , the sacrificed and handled fish were grouped together within each logging category for analyses involving these two indicators. One-way ANOVA with unequal cell sizes followed by Tukey a posteriori tests for effects were used to evaluate differences in plasma chloride concentrations, IRND, and length-at-age among the three logging categories. For the assessment of IRND responses to the onset of winter conditions, data analysis involved grouping the trout IRND data from the two streams according to season, followed by oneway ANOVA (using streams as the sampling units) to test for differences between mean summer and winter values. Post hoc power analyses were conducted using the statistical package G*Power (Erdfelder et al. 1996) and an α level of 0.05, when probability (P) values for the ANOVA results were >0.05. However, our statistical power estimates represent approximations because of the imbalance in our experimental design (Erdfelder et al. 1996) . Differences in trout condition among our three logging categories were assessed using analysis of covariance (ANCOVA) on stream-averaged log 10 -transformed length and mass data (Cone 1989) .
To allow us to compare the magnitude of the stress responses observed in our study streams with those reported in the literature, for each hematological and IRND response variable, we calculated the difference (termed "effect size"; %) between the mean value for our reference category and those for our logged (recently and second growth) categories. Effect size was calculated as [(mean value logged -mean value old growth)/mean value old growth] × 100, and a positive (negative) difference indicates an increase (decrease) relative to the old-growth category. Only those trout that were sacrificed immediately were used in our calculations involving plasma cortisol concentrations, as our primary interest lay in assessing the impacts from streamside logging and not the effects from electroshocking, handling, and confinement. Similar calculations were made using results from previous studies in the stress literature that examined salmonid cortisol, chloride, and IRND stress responses to a variety of different stressors (Table 2) . For those studies assessing stress responses to different doses, the minimum and maximum effect sizes were also calculated, whereas only the maximum reported effect sizes were calculated for those studies assessing stress responses to a single dose or over time.
Results
Stream physical characteristics, pool habitat, and trout density and biomass
The discriminant analysis revealed no obvious grouping structure among the three logging categories (Wilks' λ = 0.20, P = 0.25), with an overall correct classification rate of 53% using a jackknifed procedure. This supports our assumption that the streams were relatively similar in terms of their general physical characteristics (drainage area, bankfull width and height, stream and hillside gradients, and D).
Average canopy cover levels (±1 SE) were 74.3% (3.8), 18.6% (9.3), and 45.7% (11.9) for the old-growth, recently logged, and second-growth streams, respectively, with significant differences (ANOVA, P < 0.03) between the old-growth and treatment streams, but not between the two treatment categories (P = 0.11). Whereas stream temperatures during our late summer and early autumn sampling period in 1996 ranged from 3.4 to 9.6°C, the average maximum daily temperatures for the period from 01 June to 30 September 1997 were 12.7°C for the old-growth streams, 14.1°C for the recently logged streams, and 13.9°C for the second-growth streams (Fig. 2a) . Average daily fluctuations over the same time period were 2.2, 5.4, and 3.1°C for the old-growth, recently logged, and second-growth categories, respectively (Fig. 2b) . Using ANOVA, no significant differences were found among the three logging categories with respect to the number of pools (P = 0.12, power approx. 0.42), the average pool volume (P = 0.09, power approx. 0.46), or the total pool habitat present within the study reaches (P = 0.44, power approx. 0.17; Fig. 3a) . Qualitative trends in these three pool habitat variables were not consistent among categories: recently logged streams had the greatest number of pools but the lowest pool volumes, whereas the reverse trend was seen in the secondgrowth streams. However, the overall trend was a reduction of approximately 30% in the total available pool habitat in the logged streams relative to the old-growth category (Fig. 3a) . No significant differences were found among the logging categories with respect to rainbow trout density (P = 0.98, power approx. 0.05) and standing crop biomass (P = 0.40, power approx. 0.19; Fig. 3b ). In contrast with the pool habitat variables, the qualitative trends in trout density and biomass were relatively consistent, with the logged streams (recent and second growth) showing increases of between 5% and 269% 
Note:
Values in parentheses represent standard error of the mean. For recently logged and second-growth streams, the differences (effect size) between the harvested and old-growth (control) categories are also included. A positive (negative) difference indicates an increase (decrease) relative to the control category. Values for plasma cortisol concentrations are only for trout that were sacrificed immediately (i.e., not subjected to handling stress), whereas values for chlorides and interrenal nuclear diameters (IRND) are for all captured fish (sacrificed immediately and subjected to handling stress). Stressors and stress responses (reported in terms of effect size) from literature studies using salmonids as test organisms are also included for comparative purposes. For those studies assessing stress responses to different doses, the minimum and maximum effect sizes were also calculated, and ns represents effect sizes that were reported as being statistically nonsignificant at the P = 0.05 level. Only the maximum reported effect sizes were calculated for those studies assessing stress responses to a single dose or over time.
a 1, Woodward and Strange 1987; 2, Strange et al. 1977; 3, Barton et al. 1980; 4, Strange and Schreck 1978; 5, Sumpter et al. 1986; 6, Thomas et al. 1986; 7, Redding and Schreck 1987; 8, Brown et al. 1984; 9, Donaldson and Dye 1975; 10, McBride et al. 1981; 11, McBride et al. 1979; 12, Dye and Donaldson 1974; 13, McBride et al. 1975; 14, Andersson et al. 1988; 15, Wydoski et al. 1976; 16, Brand et al. 2000; 17, McLeay 1975. in both of these response variables relative to the reference category (Fig. 3b) .
Rainbow trout physiological stress responses, condition, and length-at-age: comparative survey Trout captured from our streams ranged in fork length from 4.9 to 21.8 cm, with the majority of fish comprising the age-1 and age-2 classes (of the 481 trout we captured, only 24 age-0, 30 age-3, 4 age-4, and 1 age-5 trout were encountered). Linear regression analyses revealed that length was not significantly correlated (P > 0.22 for all analyses) with any of the hematological (plasma cortisol and chloride concentrations) and IRND stress response variables. With respect to trout plasma cortisol responses to streamside clearcut logging, the two-way ANOVA revealed no significant differences (P = 0.46, power approx. 0.14) in mean cortisol concentrations of trout that were sacrificed immediately among the three logging categories (Fig. 4a) , despite increases (effect sizes) of 16% and 49% in recently logged and second-growth streams, respectively, relative to the reference streams (Table 2). Furthermore, significant differences (ANOVA, P < 0.001) were found between trout that were sacrificed immediately and those that were handled within each logging category (Fig. 4a) , suggesting that the cortisol response systems were not impaired. The interaction term in this analysis (handled or killed trout × logging category) was not significant (P = 0.64).
Using stream averages for all captured fish, one-way ANOVA revealed no significant differences in trout plasma chloride concentrations (P = 0.72, power approx. 0.10; Fig. 4b) or IRND values (P = 0.40, power approx. 0.19; Fig. 4c ) among the three logging categories. Decreases (effect sizes) of 0.9%-2% in chloride concentrations, and increases of 1%-2% in IRND values, were observed in trout from the logged streams relative to the reference streams ( Table 2 ). The observed effect sizes in our hematological and IRND stress responses were also generally an order of magnitude lower than those reported in the salmonid stress literature for a variety of different stressors, and none of the studies we surveyed reported significant differences when effect sizes approximated those we observed in our study (Table 2) .
With respect to the effects of streamside timber harvesting on trout condition, significant relations (ANCOVA, P < 0.001) were found between log 10 -transformed stream-wide averages for trout length and mass within each logging category, with coefficients of determination (R 2 values) of 0.97, 0.99, and 0.99 for old-growth, recently logged, and second-growth streams, respectively (Fig. 5a) . Furthermore, the regressions for all three logging categories were coincident (ANCOVA, P = 0.14 for the length × treatment interaction term and P = 0.15 for the treatment effect), suggesting that there were no differences in trout masses across all measured lengths among the three categories. Lastly, ANOVA results for the length-atage analyses revealed no significant differences in average lengths among the three logging categories for age-1 (P = 0.16, power approx. 0.53) and age-2 (P = 0.60, power approx. 0.15) trout, despite increases (effect sizes) of between 10% and 17% for both age classes in the logged categories relative to the reference category (Fig. 5b) .
Rainbow trout physiological stress responses: interrenal nuclear diameter responses to winter conditions
Stream temperatures at the time of winter sampling were 0.6°C for stream Leo1 and 0.5°C for stream T2, compared with 5.5°C and 8°C for each stream, respectively, during the summer sampling period. Furthermore, one-way ANOVA revealed that trout interrenal nuclei from these two streams were significantly larger (P < 0.001) in early winter (mean IRND = 6.03 µm, SE = 0.02) when compared with samples collected during the summer (mean IRND = 5.42 µm, SE = 0.01), with a difference (effect size) of approximately 11% between the two seasons. This effect size was comparable to those reported for salmonids exposed to a variety of other stressors (acidification, hydrocarbons, landfill leachates, an- Fig. 4 . Rainbow trout acute and chronic hematological and interrenal nuclear diameter (IRND) stress responses to streamside clear-cut logging grouped according to logging category. In panel (a), comparisons of plasma cortisol concentrations were made between logging categories (using only trout that were sacrificed immediately to assess the occurrence of acute stress) and within logging categories (between trout that were sacrificed immediately and those that were handled to assess impairment of the cortisol response system). In panels (b) and (c), mean plasma chloride concentrations and IRND were compared across logging categories using data from all captured trout (sacrificed immediately and handled). In all panels, mean values for each logging category were calculated using stream averages (with the number of streams within each category indicated along the x-axis), and error bars represent standard errors of the mean. Asterisks denote significant differences at the P < 0.001 level among the indicated comparisons. All other comparisons were nonsignificant at the P = 0.05 level.
tibiotics, and herbicides; Table 2 ). Although our seasonal IRND test comprised an old-growth and a recently logged stream (which may have confounded the results), significant increases (ANOVA, P < 0.001) of approximately 10%-11% in winter IRND values were also observed in each stream relative to summer values.
Discussion
Over the time frame during which we conducted our summer sampling, the overall consistency of our results suggests a lack of both acute and chronic environmental stressors acting on rainbow trout cortisol, chloride, and IRND stress response systems, as well as on growth (approximated by trout condition and length-at-age), in our logged study streams. Based on previous studies conducted in our study region, we assumed that stream habitat alterations resulting from clearcut logging practices that did not retain riparian buffer strips and that involved in-stream work to have been severe enough to be stressful to stream-dwelling trout. For example, Slaney et al. (1977a) found that these practices resulted in extensive alterations to stream channels, including postlogging chronic increases in suspended sediment loads (leading to the deposition of suspended solids in spawning and rearing areas, thereby reducing their availability to fish), episodic increases of 4-9°C in summer stream temperatures, and the creation ) length-at-age for age-1 and age-2 classes, grouped according to old-growth, recently logged, and second-growth categories. In panel (a), log 10 -transformed length and mass relations were used to assess trout condition between logging categories, and each data point represents a stream-wide average. In panel (b), mean trout length-at-age estimates were calculated using stream averages, and numbers embedded in the histogram bars represent the number of streams (with the total number of trout in parentheses) within each logging category (old growth; recently logged; second growth). Trout ages were determined through otolith analysis, and all error bars represent SE.
of permanent obstructions to fish migration. These same logging practices also resulted in reductions in subgravel dissolved oxygen levels and in benthic invertebrate standing crop biomass (which can potentially reduce salmonid growth; Slaney et al. 1977b; Brownlee et al. 1988) . With respect to the potential for these logging-related impacts to be stressful to fish, Redding and Schreck (1987) found significant increases in steelhead trout and coho salmon plasma cortisol concentrations following exposure to suspended topsoil at concentrations that were similar to those reported by Slaney et al. (1977b) following streamside logging. Furthermore, Strange et al. (1977) found increases of approximately 200% in plasma cortisol concentrations in cutthroat trout exposed to temperature fluctuations of 10°C, and Pickering et al. (1987) reported signs of chronic stress and reductions in growth in salmonids that were denied access to overhead cover. Although we found reductions in the overall availability of pool habitat as well as increases in stream temperatures in our logged streams, these changes (and any other habitat alterations we did not measure) were likely not severe enough to elicit a stress response in rainbow trout. For example, average daily maximum stream temperatures in our logged streams during the summer following our field work ranged from approximately 11 to 18°C, which are well below the reported lethal temperatures of approximately 25°C for rainbow trout (Jobling 1981) . Because stressful water temperatures are often observed in streams at lower latitudes than those of our study areas (Beschta et al. 1987) , we speculate that summer temperatures in our streams may not reach stressful levels for this species (even after streamside logging has occurred; Slaney et al. 1977b ). However, the same forecast does not necessarily hold true for a species like bull trout (Salvelinus confluentus), which prefer temperatures below 15°C and are generally less tolerant of warm water (Bonneau and Scarnecchia 1996) . Ultimately, the requirements of the fish species of interest will determine whether postlogging habitat alterations will likely be stressful.
The inconsistency in the patterns we observed in the number and volume of pools may be related to the impacts of logging on a variety of stream processes. For example, streamside logging and the deliberate cleaning of in-stream debris can promote higher and more powerful flows, leading to increased scour and consequently deeper pools, as well as to the creation of new pools (Slaney et al. 1977a; Lestelle and Cederholm 1984; Bilby and Ward 1991) . Conversely, reductions in pool size may be caused by the infilling of existing pools with additional sediment that is frequently generated by recent streamside harvesting activities (Slaney et al. 1977a; Grant et al. 1986 ). However, we observed increases in trout density and biomass in our treatment streams despite the overall reduction in pool habitat, and this may be related to the impacts of logging on stream productivity. For example, increases in light and nutrient levels, with concomitant increases in primary and secondary productivity leading to increased fish production, have been reported as short-term benefits of clear-cut logging (Beschta et al. 1987) . The average canopy cover in our recently logged and second-growth streams were approximately 74% and 34% lower, respectively, than in the old-growth streams, and the observed increases in trout density and biomass may therefore have resulted from increased light levels reaching the treatment streams, even 25-28 years after logging took place. Therefore, over the time frame encompassed by the timber harvesting regimes around our treatment streams, the benefits of increased light levels may have outweighed the reductions in available pool habitat, and the loss of habitat may translate into future reductions in trout density and biomass once light levels reaching the streams become attenuated (Sedell and Swanson 1984) .
Whereas we had predicted that long-term increases in stream temperature would be mitigated by the regeneration of streamside deciduous vegetation, we observed continued high temperatures and diurnal fluctuations in our secondgrowth streams, despite canopy cover levels that were twice those over our recently logged streams. This pattern may be due to reductions in wind speed and evaporation, energy budget components that contribute to stream cooling, resulting from a low, deciduous canopy (which typically occurs within the first few decades following logging and which dominated our second-growth streams) when compared with a high, coniferous cover (Hewlett and Fortson 1982) .
Although the lack of significant differences in our hematological (cortisol and chloride) and IRND stress indicators among logging categories may stem from our small sample sizes and the relatively high natural variability in these response variables (which contributed to the low power of our statistical tests), had our reported effect sizes been statistically significant their biological significance would have remained questionable. The changes in our stress responses relative to our reference streams were modest when compared with the studies we surveyed from the stress literature, and even though the majority of the stressors in our literature survey were not related to clear-cut logging (e.g., handling and confinement, electroshocking, exposure to herbicides) we consider the comparisons to be valid. For example, the 50% increase in plasma cortisol concentration observed in trout from our secondgrowth streams is relatively small considering the sensitivity of this indicator and the levels to which this hormone can be elevated (e.g., up to 21 000%; Barton et al. 1980) . Furthermore, Barton et al. (1980) , Strange et al. (1977) , and Redding and Schreck (1987) reported diurnal variations in plasma cortisol concentrations of approximately 35%, 70%, and 66%, respectively, in nonstressed juvenile rainbow trout, values that are similar to those found in our treatment streams (16%-49%). Our observed increases (859%-1222%) in plasma cortisol concentrations as a result of the electroshocking, handling, and confinement test we applied to the handled trout were also of the same order of magnitude as previously reported in the literature for these same stressors, and all of the studies we surveyed reported nonsignificant effects (i.e., the fish were not stressed) when the magnitude of their cortisol, chloride, and IRND effect sizes approximated ours. These comparisons therefore provide strong support that any impacts from clear-cut logging around our streams may not have been stressful to trout in a biologically meaningful way. Lastly, the results of our seasonal IRND stress response test demonstrate that this chronic stress indicator can be used to reveal the presence of a known environmental stressor (the onset of winter conditions), and further suggest that acclimating to rapidly changing environmental conditions during early winter in temperate regions was more stressful to rainbow trout than were the effects of streamside logging. McLeay (1975) , in a study conducted in coastal British Columbia, also reported increases of approximately 10% in IRND values of stream-dwelling juvenile coho salmon in early December relative to early September, with differences in seasonal water temperatures that were similar to those in our study.
Given the lack of stress responses at the primary (cortisol) and secondary (chloride and IRND) levels, it is perhaps not surprising that no significant effects were detected at the tertiary (condition and length-at-age) level. For example, Gregory and Wood (1999) reported reductions in rainbow trout appetite, growth, condition, and food conversion efficiency after cortisol levels were chronically elevated by 200%, a level not reached by trout that were sacrificed immediately in our logged streams. Furthermore, although growth in fish is often density dependent (Diana et al. 1991) , the similarity in trout condition among our logging categories, combined with the observed 10%-17% increases in length for the age-1 and age-2 classes in our logged streams, were likely not a result of densitydependent effects given the trout densities in our streams.
Our inability to detect statistically significant stress responses may also stem from other factors. For example, chronic stress may lead to alterations in distribution patterns as well as in migration and reproductive behaviours (Wedemeyer et al. 1984) , and because we restricted our sampling to nonreproductive periods and did not measure movement patterns, we were limited in our ability to examine these additional responses. Furthermore, acute stress can be caused by brief ecological events (such as increased suspended sediment following rain storms or episodic increases in stream temperature) and be measurable only during very restricted periods that were missed by our sampling times. We realize our classification of streams into three broad logging categories does not identify any particular stressor, and we assume that the rubric of "logging" integrates all associated impacts. However, our approach may obviate the need to measure a wide range of biotic and abiotic factors or to sample at specific times, because the stress responses of fish should integrate any direct, negative effects from logging (whatever they might be) and allow for an assessment of their physiological consequences. For example, if environmental stressors such as high suspended sediment levels were present in our logged streams but were missed during our sampling times, our cortisol, chloride, and IRND results suggest that any effects from such stressors were likely short lived and that they were not translated to the tertiary stress response level (trout growth responses).
In conclusion, despite reductions in the availability of pool habitat and increases in daily maximum stream temperatures and in diurnal fluctuations, the overall consistency of our hematological, IRND, and growth results, combined with the magnitude of our observed effect sizes relative to other studies in the stress literature, suggest that the impacts resulting from the streamside clear-cut logging practices conducted 1-28 years ago around our study streams were not acutely or chronically stressful for rainbow trout during the time our sampling took place. Our seasonal IRND results also suggest that this chronic stress indicator can be used to reveal the presence of a known environmental stressor (the onset of winter conditions) and that acclimating to winter conditions in temperate regions is more stressful to trout than are the short-or long-term consequences of logging. Although a wide variety of other stress indicators exist but were not tested in our study (e.g., blood cell counts, plasma protein, fatty acid concentrations, and the expression of heat shock proteins; Wedemeyer et al. 1990; McKinley et al. 1993; Lund et al. 2002) , the suite of indicators we used is relatively comprehensive and encompasses all three stress response levels. Lastly, the differences in climate, topography, soils, forest cover, and logging methods that exist between interior and coastal regions (Slaney et al. 1977a ) raise the question of whether logging-related impacts are similar between these two regions. For example, the more moderate hillsides in interior regions, combined with drier soils, are less prone to erosion and landslides (Carlson et al. 1990) , and may help mitigate habitat degradation due to debris torrents (Chamberlin et al. 1991) . Environmental degradation resulting from clearcut logging in interior regions may therefore be less severe, and consequently less stressful to stream-dwelling fish, and we encourage future, similar studies that encompass different geographic regions and different fish species to enable comparisons to be made with our results. 
Note:
Stream averages for the summer hematological and interrenal nuclear diameter (IRND) stress response variables, as well mean length-at-age for the age-1 and age-2 classes, are also included.
Numbers of captured trout and plasma cortisol concentrations are further divided into groups representing trout that were sacrificed immediately (S) and those that were handled (H). For streams Leo1
and T2, the second entries in the IRND column represent mean values for IRND collected during the winter season. Blank cells denote streams for which data were not available, and values in parentheses represent SE. No variance estimates were calculated for mean length-at-age for the age-2 class in streams SK7 and Salmon1 because only a single fish was captured in this age-class in each of these streams. Table A2 . Total number and mass and fork length measurements of trout captured in each stream.
